Fruits represent an important part of the human diet and show extensive variation in size and shape between and within cultivated species. The genetic basis of such variation has been studied most extensively in tomato, where currently six quantitative trait loci (QTLs) involving these traits have been fine-mapped and the genes underlying the QTLs identified. The genes responsible for the cloned QTLs belong to families with a few to many members. FASCIATED is encoded by a member of the YABBY family, CNR/FW2.2 by a member of the Cell Number Regulator family, SlKLUH/ FW3.2 by a cytochrome P450 of the 78A class (CYP78A), LOCULE NUMBER by a member of the WOX family including WUSCHEL, OVATE by a member of the Ovate Family Proteins (OFP), and SUN by a member of the IQ domain family. A high portion of the history and current diversity in fruit morphology among tomato cultivars can be explained by modifications at four of these cloned QTLs. In melon, a number of QTLs involved in fruit morphology have been mapped, but the molecular basis for these QTLs is unknown. In the present review, we examine the current knowledge on the molecular basis of fruit morphology in tomato and transfer that information in order to define candidate genes of melon fruit shape and size QTLs. We hypothesize that different members of the gene families identified in tomato may have a role in the regulation of fruit morphology in other species. We anchored the published melon QTL map on the genome sequence and identified the melon family members of the six cloned tomato QTLs in the genome. We investigated the co-localization of melon fruit morphology QTLs and the candidate genes. We found that QTLs for fruit weight co-localized frequently with members of the CNR/FW2.2 and KLUH/FW3.2 families, as well as co-localizations between OFP family members and fruit-shape QTLs, making this family the most suitable to explain fruit shape variation among melon accessions.
Introduction
Fruits provide a means of plant reproduction and dispersal, and are the hallmarks of the angiosperm lifestyle. Development of flowers and fruit has been attributed to the success of angiosperm during evolution as exemplified by a great diversity in species found around the globe. Moreover, fruits are a critical food source. Depending on use, a fruit is labelled as vegetable or as fruit, and collectively provide many essential nutrients and minerals that are required for a balanced diet. Fruit development initiates with the formation of a flower from the floral meristem. A prototypical floral meristem will give rise to four whorls: the sepal, petals, stamen, and pistil. The stamen provides the male reproductive structures giving rise to pollen. The pistil provides the female reproductive structure giving rise to the ovules within the ovary. At the time of flower opening, or anthesis, pollen will land on the stigma of the pistil and germinate, and the pollen tube will grow through the style towards the ovules. Fertilization of the ovules marks the beginning of fruit development. Signals from the fertilized ovules and developing seed will initiate growth of the ovary walls. Fruit development generally follows the Gillaspy et al. (1993) model. The initial stage is marked by increases in cell division, followed by cell expansion. Once at full size, the ripening process is initiated which is highlighted by major biochemical changes in the maturing fruit. Depending on the plant species, the ripening process is typically associated with dramatic changes in colour, aroma, and fruit structure. The ripening process is regulated mainly by the hormone ethylene in climacteric fruits (Giovannoni, 2004; Gapper et al., 2013) , whereas other hormones such as brassinosteroids (Symons et al., 2006) , auxins, and abscisic acid (Jia et al., 2011) seem to have an role in non-climacteric fruit ripening, although a general model for this type of ripening is still under debate (Symons et al., 2012) .
Fruit development is critical for dispersal of species in natural settings. Birds and rodents may carry the fruit over long distances and distribute the seeds away from the mother plant. Large fruit is not advantageous for dispersal in the wild. For human consumption, however, large fruit of different dimensions is required. In general, all domesticated fruit and vegetables carry fruit of larger size than typically found in the wild. Also, fruit dimensions vary such that some fruits are flat, ribbed, oblate or long, in addition to round. Examples of different morphologies among cultivated fruits can be found, from the very small (blackberries, blueberries) to giant (pumpkins), and from oblate (Saturn peaches) to extremely elongated (cucumbers, snake melons).
This review focuses on the fruit of two domesticated species: tomato (Solanum lycopersicum L.) and melon (Cucumis melo L.). Cultivars from both species show a huge fruit morphological diversity (Figs 1 and 2) that is under the control of a large number of genetic loci (Grandillo et al., 1999; Diaz et al., 2011; Xu et al., 2013) . For tomato, some of the genes underlying these quantitative trait loci (QTLs) have been cloned, whereas for melon the underlying genes have remained elusive. The purpose of the present review is to summarize the current knowledge on the molecular genetic basis Fig. 1 . Diversity in tomato fruit shapes. The shape categories are defined according to Rodriguez et al. (2011) . Each fruit is identified by variety name (information available at http://solgenomics.net/ and Rodriguez et al., 2011) and the presence of the variant allele of SUN, OVATE, FAS (abbreviated as S, O, and F, respectively) and/or LC. of fruit morphology in tomato and to transfer this information to melon in order to investigate whether the variation of Cucurbitaceae fruit morphology may be due to orthologous genes found in tomato as well as those belonging to the same gene families.
Tomato domestication and diversification
The history of tomato domestication has become clearer in recent years (Blanca et al., 2012) . Extensive genetic characterization of 272 accessions using Tomato Illumina Bead Chips (Illumina, San Diego, California, USA) developed by the SolCAP project (Hamilton et al., 2012; Sim et al., 2012) containing 7414 single-nucleotide polymorphism markers led to the hypothesis that tomato was probably domesticated in two waves: from Solanum pimpinellifolium to S. lycopersicum var. cerasiforme in Ecuador and Northern Peru; and later from S. lycopersicum var. cerasiforme to S. lycopersicum var. lycopersicum in Central America (Blanca et al., 2012) . After the discovery of America by Christopher Columbus, tomatoes travelled from Mexico to Europe and the rest of the world resulting in additional improvements of fruit characters. Fruit from S. pimpinellifolium are small and round, weighing approximately 1 g. Fruit from S. lycopersicum var. cerasiforme are generally larger than those of S. pimpinellifolium (10-30 g), and some accessions exhibit an oval or a flat fruit shape in addition to the classical round shapes. Fruits from S. lycopersicum var. lycopersicum are much larger (up to 1 kg) and highly diverse in shape (Rodriguez et al., 2011) (Fig. 1) . Classification of tomato shapes using the software program Tomato Analyzer (Brewer et al., 2006) led to the identification of eight shape categories that are found in cultivated tomato: flat, ellipsoid, rectangular, oxheart, heart, long, obovoid, and round (Rodriguez et al., 2011) . Much of this variation can be explained by four genes that each play a dominant role in the regulation of fruit morphology (see below).
Melon domestication and diversification
Recent molecular phylogenies indicate that the origin of the species was most likely in Asia or Australia, and that C. melo reached Africa at a later date Renner et al., 2007; Schaefer et al., 2009; Sebastian et al., 2010) . Wild melon fruits are small (3-6 cm diameter, weighing less than 50 g), round or oval with a very thin and bitter-tasting mesocarp (Fig. 2) . Wild melons may be found in East and West Africa, and Central India (Roy et al., 2012) . Melon may have been domesticated in Africa or Asia or in both locations independently (Esquinas-Alcazar and Gulick, 1983, Bates and Robinson, 1995) , probably for its seeds rich in proteins and lipids for the production of flour (Pitrat 2008) . The development of the fruit mesocarp, and thus the edible flesh, occurred after the initial domestication stage. The species underwent an extensive process of diversification, where Central Asia and the Mediterranean basin represent the primary and secondary centres of diversity, respectively. This diversification led to a huge diversity in fruit characteristics among the cultivars. Regarding fruit morphology, the size varies from very small (less than 100 g), small (100-400 g), medium (400 g to 1 kg), and large (1-5 kg) to very large (more than 4 kg, up to 10 kg), and fruit shape varies from slightly flat, ellipsoid, obovoid, round, and long to extremely long (Fig. 2) . Other fruit traits such as rind colour, flesh content and colour, sweetness, sourness, aromatic compounds, and climacteric behaviour also show an impressive variability within the species (Stepansky et al., 1999; Nuñez-Palenius et al., 2008; Pitrat, 2008; Burger et al., 2006; Fernandez-Trujillo et al. 2011) .
Melon is divided into two subspecies based on the ovary's hairiness: ssp. melo with long hairs (this subspecies is found from India to Europe and America), and ssp. agrestis with short hairs (this subspecies is found from India to Japan) (Jeffrey, 1980) . The Occidental melon cultivars (cantaloupe, galia, honeydew, Western shippers, 'Piel de Sapo', and Christmas melon) belong to ssp. melo. The intraspecific melon classification has been revised several times, with the most recent clustering proposed by Pitrat (2008) , who suggested 15 groups or varietas namely chinensis, makuwa, momordica, conomon, and acidulus belonging to ssp agrestis, and chate, flexuosus, tibish, adana, ameri, cantalupensis, chandalak, reticulatus, inodorus , and dudaim belonging to ssp. melo. The African and Asian wild melons are not listed in this classification, although they are generally referred to as agrestis.
The fruit morphology diversity corresponds to the Pitrat classification: conomon melons are long and medium sized (hundreds of grams to 1 kg); makuwa are flat to round, ellipsoid, and obovoid, and of medium size; chinensis are obovoid and of medium size; momordica are flat to long and of medium size; acidulus are ellipsoid and are small to medium in size; tibish are ellipsoid or obovoid and small; chate are round to ellipsoid and middle-sized; flexuosus are extremely long (up to 2 m), sometimes serpentine and very large (up to 10 kg); cantalupensis are flat to ellipsoid, medium to large (more than 1 kg) in size; reticulatus are round to ellipsoid and medium to large in size; ameri are ellipsoid and long and medium to large in size; inodorus are round to ellipsoid and large; dudaim are round and small; and the wild melons agrestis are round to ellipsoid and very small (50 g).
Fruit development in tomato and melon
Tomato fruit are classified as berries. The fruit develops from the ovary after fertilization of the ovules. The walls of the ovary (called the valves in Arabidopsis thaliana L.) become the pericarp comprising the largest part of the fruit. The pericarp surrounds the locules that contain the placenta and the seeds. Like its immediate ancestor, S. pimpinellifolium L. from which tomato was domesticated, the fruit are red. However, cultivated types also carry fruit that is yellow, pink, or orange. Nearly all cultivated tomato fruit are produced by selfing. Distant relatives, such as Solanum pennellii Correll and Solanum habrochaites D. Knapp & D. M. Spooner, carry green fruit and are typically self-incompatible, requiring cross-pollination with pollen from plants that carry a compatible allele at the S locus. Moreover within the tomato clade, crosses using distant wild relatives can only be made by using cultivated tomato as the female parent, a process called unilateral incongruity (Bedinger et al., 2011) . Thus, genetic exchanges among distant relatives usually occur only under controlled conditions but have been critically important for the introgression of useful traits into modern tomato such as disease resistance and fruit quality traits.
Tomato produces perfect flowers that contain five sepals, five petals, five stamen, and two carpels (locules). After successful fertilization of the ovules, the pericarp, columella, and placenta tissues expand mainly by enhanced cell divisions for 5-10 d after pollination. This stage is followed by cell enlargement, which results in dramatic increases in fruit mass (Gillaspy et al., 1993) . Domestication of tomato resulted in larger fruit of different dimensions including drastic changes in locule number (Paran and van der Knaap, 2007; Rodriguez et al., 2011) . The basis of these changes in fruit dimensions are probably caused by changes in organ patterning and may include changes in cell-division planes and rates (Wu et al., 2011) .
Melon fruit share common aspects with tomato as well as other features that are unique. In contrast to tomato, melon plants may bear different combinations of flower types: monoecious (male and female flowers), andromonoecious (male and hermaphrodite flowers), and gynoecious (only female flowers). Wild melons and landraces from the centres of domestication are monoecious, whereas most modern cultivars are andromonoecious, suggesting that the mutation that led to andromonoecy was produced after the domestication. Obviously, monoecious cultivars need cross-pollination. Yet andromonoecious cultivars also need cross-pollination as the amount of pollen produced by the stamens from the hermaphroditic flower is usually not sufficient to fertilize all the ovules.
Melon fruits are classified as a pepo, i.e. a modified berry with a hard rind and soft fleshy mesocarp inside. A central cavity harbours usually three locules (although some cultivars have five locules), derived from the carpels where the seeds are located in the proximal-distal direction. The rind develops from the inferior ovary and the edible flesh from mesocarp tissue. In melon, fruit development follows the same phases as tomato.
In order to understand better the early development of melon fruit, we used histological analysis and scanning electron microscopy (SEM) to characterize female flower anatomy at different developmental stages in the 'Piel de Sapo' cultivar. Female floral organs are composed of two outer whorls with five sepals and five petals, which constitute the perianth. The innermost whorl represents the female reproductive organ and contains three fused carpels, which form the gynoecium. Figure 3A shows a longitudinal view of a mature flower revealing the inferior location of the ovary in the gynoecium. The SEM images of a mature flower show a median longitudinal section of an ovary in the lateral and basal parts (Fig. 3B, C) . The ovary wall (pericarp) is composed by the outer exocarp and the mesocarp, separated by vascular bundles (Fig. 3B ). The inner pericarp tissues enclose the endocarp, which include the placenta with the ovules as the female gametophyte (Fig. 3B ). In the basal part of the ovary, vascular tissue connects the ovary to the pedicel (Fig. 3C ). Under optimum growth conditions, female flower development takes approximately 5 d from floral bud appearance by the naked eye until anthesis, which generally lasts a day. After ovule fertilization, the fruit grows rapidly for 3 weeks, after which the growth rate slows down to a certain pace that is typical of the cultivar. In large-fruit cultivars, fruit growth may be maintained until harvest, whereas in small-fruit cultivars, growth stops a few weeks before harvest (Higashi et al., 1999) . Figure 4A depicts the longitudinal and equatorial growth of fruits from the Spanish 'Piel de Sapo' cultivar after anthesis showing a high growth rate for 2 weeks after anthesis and slower growth rates thereafter.
In tomato, depending on the QTL, changes in fruit morphology such as size and shape manifest themselves either before or after anthesis (van der Knaap and Tanksley, 2001; Chakrabarti et al., 2013) . In melon, a high correlation has been reported between ovary and mature fruit morphology (Perin et al., 2002; Eduardo et al., 2007) , indicating that the fruit shape is predominantly determined pre-anthesis in this species. The elongated shape is generally also highly correlated with the length of the fruit but not with the diameter (Monforte et al., 2004; Eduardo et al., 2007) , suggesting that longitudinal growth is the major factor of the final shape (round or elongated). The 'Piel de Sapo' cultivar shows a higher fruit shape index in the ovary than in the mature fruit, which decreases as consequence of increasing of equatorial diameter by mesocarp growth during fruit development; the final shape is achieved at around 15 d post-anthesis (Fig. 4B ).
Molecular genetic basis of fruit shape and size variation in tomato
The first fruit size QTL that was cloned is CNR/FW2.2, encoding a member of the Cell Number Regulator (CNR) family (Frary et al., 2000; Guo et al., 2010; Guo and Simmons, 2011) . Fruit size increases occur after anthesis and predominantly in the placenta tissues of the developing tomato fruit Liu et al., 2003) . Increases in fruit size occur before anthesis, as the ovaries of the near-isogenic lines (NILs) carrying the large-fruited allele already exhibit a larger size compared with the small-fruited NIL (Frary et al., 2000) . The second cloned fruit size QTL is SlKLUH/FW3.2, encoding a member of a subfamily of cytochrome P450 A78 class (CYP78A) and the orthologue of KLUH (Chakrabarti et al., 2013) . Increased fruit size is manifested after anthesis, and the tissues that are most significantly enlarged are the pericarp and septa areas. Cell size is not altered but instead the large-fruited NILs show two extra cell layers in the pericarp, implying that SlKLUH affects cell division. Concomitant with the increase in cell layers, there is a delay in ripening of approximately 4 d (Chakrabarti et al., 2013) . The yield per plant is not altered, i.e. larger-fruited lines will not result in higher fruit weight per plant. This is most likely due to the reduced number of side shoots and side shoot lengths found in the large-fruited lines, thereby offsetting the increase in fruit weight (Chakrabarti et al., 2013) . Thus, SlKLUH has a pleiotropic effect on side shoot growth.
Changes in tomato fruit shape are contributed to a large extent by mutations in four genes: SUN and OVATE regulating fruit elongation, and LOCULE NUMBER (LC) and FASCIATED (FAS) regulating locule number and flat fruit shape (Rodriguez et al., 2011) . SUN encodes a protein that is a member of the IQ domain family (Abel et al., 2005; Xiao et al., 2008) . This family is characterized by a calmodulinbinding domain, suggesting a role of this protein in calcium signalling. Overexpression of SUN leads to very elongated parthenocarpic fruit, twisted stems and leaf rachis, and changes in leaf serration (Wu et al., 2011) . These phenotypes led to another assumption that the auxin pathway might be perturbed as a result of overexpression of SUN, but no direct links to this hormone have been found. Fruit weight does not vary between the NILs that differ for SUN. Instead, the shape is determined by increased cell number in the proximal-distal direction and decreased cell number in the medial-lateral direction of the fruit (Wu et al., 2011) . The most dramatic effect on fruit shape mediated by SUN occurs during the early stages of fruit development. However, patterning is most likely established before anthesis, as ovary shape and cell number changes are already slightly different before fruit set in the SUN NILs (Xiao et al., 2008; Wu et al., 2011) .
OVATE encodes a protein in the Ovate Family Protein (OFP) and is thought to negatively regulate transcription of target genes Hackbusch et al., 2005) . Although not significant, the NILs with the ovate mutation carry fruit of slightly lower weight compared with those of the wild type (Clevenger, 2012) . Thus, fruit elongation is not the result of continued growth along the proximal-distal axis. Instead, the increase in fruit elongation is due to cell proliferation in the proximal region of the developing ovary (S. Wu and E. van der Knaap, unpublished data). In ovate NILs, the ovary shape is very elongated at the time of anthesis and gradually becomes less elongated during fruit development (van der Knaap and Tanksley, 2001; Clevenger, 2012) . These data show that fruit shape patterning by OVATE is established well before anthesis.
FAS encodes a protein that is a member of the YABBY family regulating organ polarity (Cong et al., 2008) , whereas LC is probably encoded by the orthologue of the A. thaliana gene WUSCHEL, which is a member of the WOX family, involved in regulation of meristem size (Muños et al., 2011) . It is likely that locule number is determined very early in floral development, although this has not been examined further.
In addition to these known genes, other loci controlling fruit shape and size have been fine-mapped in recent years. These include fw11.3 controlling fruit weight. fw11.3 maps very close to but is not allelic with FAS (Huang and van der Knaap, 2011) . Additional loci controlling fruit shape include two suppressors of the ovate mutation (SOVs) located on chromosomes 10 and 11 (Rodriguez et al., 2013) and fs8.1 mapping near the centromere of chromosome 8 (Clevenger, 2012) . sov1 on chromosome 10 has recently been fine-mapped to two candidate genes (H.J. Kim and E. van der Knaap, unpublished data), whereas fs8.1, despite its centromeric location, has been confined to a 3 Mb region comprising 122 candidate genes (Clevenger, 2012) Genetic basis of fruit shape and size variation in melon During the last decade, the genetic basis of melon fruit morphology has been investigated in several studies (Perin et al., 2002; Monforte et al., 2004; Eduardo et al., 2007; Zalapa et al., 2007; Paris et al., 2008; Harel-Beja et al., 2010; Diaz et al., 2011 ). Fernandez-Silva et al. (2010 confirmed three of these QTLs (FSQC6.4, FSQC12.1, and FWQ4.4) Recently, Tomason et al. (2013) reported markers associated with fruit morphology by association mapping. The germplasm used in the aforementioned studies included modern cultivars and landraces from both subspecies ( Supplementary Fig. S1 and Supplementary Table S1 available at JXB online) but not wild relatives. Thus, the QTLs are likely to correspond to genes involved in cultivar diversification and not domestication.
Melon fruit morphology QTLs are anchored onto genetics maps. To anchor them onto the physical map and the melon genome, we retrieved the sequences of the closest linked markers from the International Cucurbit Genomics Initiative (ICuGI) data base (http://www.icugi.org) or from the results of Fernandez-Silva et al. (2008) and used BLAST (basic local alignment search tool) to compare them against the pseudochromosomes of version 3.5 of the melon genome (GarciaMas et al., 2012) available at https://melonomics.net/. In cases where only primer sequences were available, we used the forward and reverse primers and checked whether the positions in the genome were comparable with the size of the product from PCR amplification. In general, the BLAST results were consistent with the expected result. If the results were not consistent, the marker was replaced with a nearby marker based on the consensus map (Diaz et al., 2011) . The position of the QTLs anchored in the genome is depicted in Fig. 5 .
Definition of melon fruit shape QTLs
The genetic basis of fruit shape was investigated in six independent populations and one association mapping study (Table 1) . Forty-two QTLs (Diaz et al., 2011) and nine associations (Tomason et al., 2013) were correlated with fruit shape. The fruit shape QTLs were located in 14 regions throughout the genome, assuming that when two QTLs from different studies are located in the same region, they represent the same QTL. Nine regions harboured QTLs that were detected in two or more studies using different germplasm sources, and five regions harboured QTLs from three studies (Fig. 5) . The latter QTLs represent the best candidates to underlie the most important fruit shape diversification in the melon germplasm and are defined as Meta-QTL.
Chromosome 1, FSMQ1
A meta-QTL located in the distal part of the chromosome was mapped as a classical QTL (A, J, P, Q, and X according to Table 1 ) and in an association mapping study, explaining up to 31 % of phenotypic variance. The allele from the ssp. agrestis parent created elongated fruits.
Chromosome 2, FSMQ2
This meta-QTL was detected in the following crosses: C, J, N, P, and Q with strong additive effects and explaining a high proportion of the phenotypic variance (up to 52%). In most populations, this QTL co-localized with the gene a that controls sex determination in female flower. The a gene was found to encode a 1-aminoacyclopropane-1-carboxylic acid synthase protein, designed CmACS-7 (Boualem et al., 2008) . The andromonoecious phenotype is due to a loss of CMACS-7 enzymatic activity in the developing flower. The presence of stamens in female flowers restricts longitudinal ovary growth, resulting in a pleiotropic effect on fruit shape, and by a reduction of fruit elongation (Monforte et al., 2005; Abdelmohsin and Pitrat, 2008) .
Chromosome 8, FSMQ8
The proximal and distal regions of this chromosome were associated with fruit morphology QTLs. This meta-QTL, detected in populations A-C, N, and P, explains up to 22% of the variation and can increase fruit length by as much as 50%. The agrestis allele controls the extreme elongation.
Chromosome 11, FSQM11
This meta-QTL was detected in three independent populations (A-C, P, and Q), and also in an association study. The effect of this locus is 17% and the agrestis allele results in fruit elongation.
Chromosome 12, FSQM12
This meta-QTL was detected in three populations (A, C and P) derived from the Korean accession PI161375. This QTL is probably due to mutations in the p locus (pentamerous) controlling carpel number. The fruit of most melon varieties have three carpels, and only a few accessions (including PI161375) produce fruits with five carpels. An increase in carpel number results in flat fruit in tomato (Rodriguez et al., 2011) , and carpel number may therefore control the shape in melon as well. Analysis of NILs differing in the p alleles has shown that fruit with five carpels usually have a larger internal cavity, resulting in increased fruit diameter, and therefore causing a rounder shape Obando et al., 2008) . The ssp. agrestis allele results in round fruit with up to 29% phenotypic variance.
Definition of melon fruit weight QTLs
The genetic basis of fruit weight (FW) was investigated in four independent populations (Supplementary Table S1 available at JXB online) and one association mapping study (Tomason et al., 2013) . A total of 27 fruit weight QTLs were compiled by Diaz et al. (2011) in addition to three loci that were associated with fruit weight (Fig. 5) (Tomason et al., 2013) . QTLs and associations with fruit weight were located on all chromosomes. In general, the occurrence of the same QTL across different populations was lower than for fruit shape QTL. Only two loci, on chromosomes 8 and 11, were found in three different populations. Loci on chromosomes 2 and 3 were associated with fruit weight in two populations, whereas the remaining QTL were detected in one population only (QTLs FWQA and FWQC were detected in different populations from the same cross); therefore, four meta-QTLs were defined as follows.
Chromosome 2, FWMQ2
This was detected in two populations (I and N), explaining up to 43 % of the variance. This QTL co-segregates with the a gene, suggesting that the sex expression gene has effects on fruit size as well as fruit shape (see above for FSMQ2).
Chromosome 3, FWMQ3
This was detected in two populations (C and X), although the phenotypic variance was not consistent in replicated trials within experiments . This was detected in three populations (C, I, and N) , in the same region as the fruit shape QTLs. Eduardo et al. (2007) showed that the fruit weight QTL is located in an introgression that lacks the fruit shape QTL. In addition, the USDA864-1×Top Mark population only segregates for the fruit weight QTL. Therefore, FSMQ8 and FWMQ8 are probably independent loci. In these two last examples, this QTL had a large effect (14%) by reducing fruit weight by up to 40%.
Chromosome 11, FWMQ11
This was detected in three populations (A, W, and X) with a very large effect of up to 34% of the variance. FWMQ11 and FWMQ8 appeared to be the most consistent QTLs across different populations, and independent of fruit shape.
Co-localization of members of YABBY (FAS), OVATE, CNR (FW2.2), SUN, WOX (LOCULE NUMBER), and CYP78A/KLUH (FW3.2) gene families with melon QTLs
The genes underlying the cloned tomato fruit morphology QTLs are part of gene families comprising up to 34 members, as in the case of SUN (Huang et al., 2013) . Putative orthologues of these genes have been proposed as candidates genes for QTLs involved in fruit morphology in other species such as pepper (Tsaballa et al., 2011; Chakrabarti et al., 2013) and cherry (De Franceschi et al., 2013) , suggesting that the variation in fruit morphology in different taxa could be controlled by genes belonging to members of certain ancestral gene families. If so, any member from a gene family could be involved in the variation of fruit morphology in different species. Therefore, the search for candidate genes by comparative genomics should not be reduced to the identification of closest orthologues of known causative genes but to the analysis of the whole gene family. Following this rationale, we decided to analyse the gene families of the cloned tomato fruit morphology QTLs in the melon genome and evaluate their potential as candidate genes in this species.
The protein sequences of tomato SUN, OFP, and YABBY gene families were obtained from Huang et al. (2013) ; CNR and WOX were retrieved from the Sol Genomics Network (http://solgenomics.net); and A. thaliana DNA coding sequences of the CYP78A subfamily of P450 corresponding to the tomato KLUH/FW3.2 from http://www.arabidopsis.org/ (Supplementary Table S2 available at JXB online). BLASTX and BLASTP searches were performed against the predicted melon protein sequences (https://melonomics.net/), the first three hits of the BLAST and BLASTP searches were retained (E value ≤1-e10) and the melon genes were located in the melon pseudo-chromosomes v.CM_3.5.
A total of 24 members of the SUN (CmSUN), 21 of the OFP (CmOFP), five of the YABBY (CmYABBY), nine of the CNR (CmCNR), five of the KLUH/CYP78A (CmCYP78A), and 10 of the WOX (CmWOX) families were identified in melon (Supplementary Table S3 available at JXB online). The position on the melon pseudo-chromosomes could be assigned to all of them, except for four members of the CmOFP and one of the CmYABBY families. As expected, the genes were distributed throughout the melon genome, ranging from as few as four on chromosomes 1, 2, and 9 to as many as 12 on chromosomes 6 and 8 (Fig. 5 ). Moderate to low clustering was observed among members of the same family. The most important clustering was identified for CmOFP with two clusters of genes on chromosomes 1 and 4. Only one cluster for CmSUN and CmCNR was observed on chromosome 6 and no clusters for the CmCYP78A, CmYABBY, and CmWOX families. This modest clustering contrasts with the high clustering observed in tomato for certain OFP members (Huang et al., 2013) and in peach for certain CNR members (De Franceschi et al., 2013) .
In tomato, the fruit shape and locule number genes FASCIATED and LC also control fruit size. Therefore, instead of controlling carpel number, which is rarely changed in melon, these genes may play a role in fruit size instead of fruit shape. Some of the candidate morphology genes mapped within fruit morphology QTLs. CmYABBY members showed a modest level of co-mapping with the fruit weight QTLs. Most of the co-localizing QTLs were observed in only one population, except for FWMQ2. However, this QTL is most likely controlled by the CmACS-7 gene and not by CmYABBY. Therefore, YABBY is probably not controlling size or shape variation among melon varieties. CmWOX members co-mapped with five fruit weight QTLs, with the most interesting co-localizations on chromosomes 8 and 11, which were detected in three to five populations. CmCNR members co-mapped with five fruit weight QTLs, most of which were detected in a single population, except for the meta-QTLs FWQM8 and FWQM11. Members of the CmCYP78A family co-mapped with four fruit weight QTLs, including FWMQ11; in other words, members of the CmWOX, CmCNR, and CmCYP78A families mapped within the two most stable across-population fruit weight QTLs (FWQM8A and FWQM11). For the family of genes that control tomato shape exclusively, CmSUN members co-mapped with eight fruit shape QTLs and most of them were detected in a single population, except for the meta-QTLs FSQM2 and FSQM11. CmOFP members co-mapped with seven fruit shape QTLs. Remarkably, several members of this family co-localized with the FSMQ1 and FSMQ8 QTLs. Although final conclusions cannot be drawn from this analysis, the pattern of co-mapping of the different gene family members with melon fruit morphology QTLs allows us to suggest the plausible candidate genes at these loci. Thus, the gene family CmYABBY probably has a low impact on melon fruit morphology diversity. CmCNR, CmCYP78A, and CmWOX members co-mapped at high frequency with fruit weight QTLs, and so these families are good candidates for the diversification of fruit weight. CmSUN members also showed intriguing co-localizations with fruit shape QTLs, although in fewer populations than the CmOFP members. Remarkably, members of this last family co-mapped frequently with fruit shape QTLs detected in single and several independent experiments. Therefore, we hypothesize that members of this gene family are probably the most important in explaining the diversification of fruit shape among melon varieties.
Perspectives
In recent years, significant progress has been made in uncovering the molecular and genetic bases of tomato fruit morphology, and the role of some genes in tomato domestication is being revealed. From the list of nine key loci controlling fruit morphology in tomato proposed by Tanksley (2004) , six have been cloned. Models of the evolution of fruit shape variation from domestication to cultivar diversification and the origin of the mutations causing the phenotypic variation have been proposed (Rodriguez et al., 2011; Chakrabarti et al., 2013) .
In melon, ancient fruit shape and size diversification has been noted among Central and East Asia melon accessions belonging to the agrestis subspecies group, suggesting the existence of many alleles for morphological diversity (Dhillon et al., 2007; Yi et al., 2009; Fergany et al., 2011; Roy et al., 2012) . In contrast to tomato, elongated shapes are much more frequent than round shapes among melon accessions, especially in wild and ancient landraces, as described above. The botanical groups cultivated in Occidental countries generally show less variation within groups. In addition, a reduction in fruit elongation is noted because fruits are generally ellipsoid to perfectly round and slightly flat (as typified by cantalupensis or reticulatus). Fruit weight is also larger, probably due to more intense breeding efforts leading to fixation of alleles resulting in rounder and larger fruits from middle-sized elongated melons that are found more commonly at the primary centres of diversity.
Most of the Central Asia accessions are monoecious, and most of the detected QTL alleles from that germplasm result in long fruit. On the other hand, Occidental and Far-Oriental cultivars are andromonoecious, and the selection of this mutation on the a gene eliminated the pleiotropic effects on fruit shape, which may have been one of the major steps facilitating the rise in importance of round fruit cultivars. Other QTLs that were probably also important in the process are FSMQ1, FSMQ8, and FSMQ11. A combination and fixation of the andromonoecious allele of a with these last QTLs may have led to the modern round melon cultivars. FSMQ12 may not be important in melon shape diversification, as only a few chinensis cultivars carry the mutation leading to five carpels, a trait that is entirely absent in Occidental cultivars.
With respect to melon fruit weight QTLs, relatively few were found across many populations. This may mean that, among varieties, a number of different genes lead to increases in melon fruit size. Also, none of the studies was aimed at identifying QTLs from wild×domesticated populations, which is in contrast to tomato where all the cloned shape and size variation QTLs were identified in wide crosses. Thus, the identified tomato fruit weight QTLs may have originated early during domestication and are now fixed in most of the large-fruited cultivated tomatoes. In melon, the intervariety populations may therefore highlight the existence of many fruit size genes, some that may have originated early during domestication but are still segregating in the cultivated pool. Regardless of this, more research is warranted to confirm that the two most consistent meta-QTLs described here (FWMQ8 and FWMQ11) are important in the fruit weight diversification of melon cultivars.
The release of the tomato genome (The Tomato Consortium, 2012) and knowledge about the major fruit shape and size genes will lead to faster identification and fine-mapping of additional QTLs in tomato (Rodriguez et al., 2013; E. Illa and E. van der Knaap, unpublished data) . Crosses between accessions can be made based on the knowledge of the distribution of the known genes. For example, a mutation in OVATE nearly always leads to an elongated shape. However, two out of 368 accessions carried round fruit, despite carrying the mutant allele of OVATE (Rodriguez et al., 2011) . Populations were developed that segregated for shape but not at the known ovate locus. Mapping indeed confirmed the existence of two QTLs that suppress the OVATE mutation (Rodriguez et al., 2013) . Fine-mapping is underway, which undoubtedly will lead to further insights into how OVATE regulates fruit shape.
Regarding melon, the number of studies and resolution of the QTLs were not sufficient to provide a solid hypothesis on the molecular basis of the variation in fruit morphology. Studies of populations derived from crosses between wild and cultivated melons have not been conducted. Therefore, the variation only comprises aspects related to cultivar diversification. Nevertheless, in the current work, we identified four genomic regions (FSQM1, FSQM2, FSQM8, and FSMQ11) for fruit shape and two for fruit weight (FWQM8 and FWQM11) that are good candidates to harbour genes responsible for much of the variation in fruit morphology among cultivars. The study of a larger number of populations from different parents in addition to association mapping with a large germplasm collection would confirm the importance of the proposed regions. The recent publication of melon genome sequence (Garcia-Mas et al., 2012) will certainly accelerate the identification of the genes underlying the fruit morphology genetic control in this species.
The comparative genomics of members of gene families involved in fruit morphology in tomato with the melon QTLs suggested the possibility that common genes are involved in fruit morphology variation in both species (OFP, CNR, CYP78A/KLUH, SUN, mand WOX) , but this situation is not as evident for the YABBY gene family. This difference can be explained by the similarities and differences in fruit architecture among species. In tomato, YABBY genes act mainly on locule number; mutations in tomato results in larger and flat-shaped fruit. However, little variation in locule number is observed among melon cultivars, and therefore those genes may not be expected to control melon fruit morphology. The only exception is the p gene, which controls carpel number in melon. Higher carpel number is found only in a small fraction of melon cultivars that are of Far-East origin. Nevertheless, no members of the YABBY or WOX family were found in the chromosome 12 region where the p gene maps. The OFP, SUN, CNR, and CYP78A/KLUH genes may be regulators of cell division. Therefore, it might be expected that variation of these genes would also cause variation in the organ where they are acting, independently of the organ anatomy, i.e. these genes may be considered as general regulators of cell number and patterning across different plant species.
Interestingly, cultivar diversification in tomato has led to the development of a subset of varieties with long shapes, in contrast to the round fruit of wild and intermediate tomato species. However, in melon, there was a tendency, especially in Occidental regions, to develop cultivars with rounder fruits from highly elongated fruits. Thus, in tomato, the alleles selected from genes such as SUN and OFP may be considered enhancers of elongated shape, whereas, in melon, the alleles would function to repress elongated shape.
In summary, we have found several candidate genes for melon morphology based on the cloned tomato QTLs. Future fine-mapping and cloning of those melon QTLs will elucidate whether the same gene families are involved in the variation of fruit morphology in both species.
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Supplementary Table S1 . Melon crosses where QTLs for fruit morphology (FS, fruit shape; FW, fruit weight) have been described. The horticultural groups are according to Pitrat (2008) . The population types are recombinant inbred lines (RILs), double haploid lines (DHLs), F2, and near-isogenic lines (NILs). Crosses and QTLs are coded according Diaz et al. (2011) .
Supplementary Table S2 . Protein sequences of YABBY, OVATE, CNR, SUN, and WOX, and coding DNA sequences of CYP78A-P450 gene families used to find the putative orthologue melon genes by BLASTP and BLASTX analysis.
Supplementary Table S3 . Mapping of genes from the families YABBY, OVATE, CNR, SUN, WOX, and CYP78A on the melon genome. Only the best hit is shown for each melon gene, coded according to https://melonomics.net/ and the probability of the hit (P) is also expressed. The chromosome and the position of the genes are according to the melon pseudo-chromosomes v.3.5 (Garcia-Mas et al., 2012) . Supplementary Fig. S1 . Neighbour-joining tree based on the genetic distances of Nei et al. (1983) calculated from the allele frequencies of 697 single-nucleotide polymorphism markers in 71 melon accessions belonging to the 13 botanical groups within Cucumis melo described by Pitrat (2008) and the wild melon agrestis (adapted from Esteras et al., 2013) . Crosses carried out to date involving genotypes from the same or different groups are named according to Supplementary Table S1 .
